Serum 25-hydroxyvitamin D (25(OH)D) concentrations are low in Mongolia, averaging 22 ng/mL in summer and only 8 ng/mL in winter. Mongolians have high incidence and/or prevalence of several diseases linked to low 25(OH)D concentrations, including ischemic heart disease, malignant neoplasms, cirrhosis of the liver, ischemic stroke, lower respiratory tract infections, preterm birth complications, and diabetes mellitus. Fortifying regularly consumed foods such as flour, milk, and edible oils with vitamin D 3 could raise 25(OH)D concentrations by about 10 ng/mL. However, to achieve 25(OH)D concentrations of 30-40 ng/mL in adults, vitamin D intakes of 1000 to 4000 IU/day would be required, making personal supplement use necessary. On the basis of prospective observational studies and clinical trials of disease incidence or known mortality rates and adverse pregnancy and birth outcomes, raising mean serum 25(OH)D concentrations to 40 ng/mL would likely reduce incidence and mortality rates for those and other diseases, reduce the rate of adverse pregnancy and birth outcomes, and increase mean life expectancy by one year or more.
Introduction
Mongolia is a country in Central Asia lying between Russia and China. The population of Mongolia is about 3 million, with about 45% living in the capital, Ulaanbaatar, and about 30% being nomadic or seminomadic. Most inhabitants are of Mongol ethnicity. According to the World Health Organization, life expectancy for males in Mongolia in 2018 was 65.7 years, whereas that for females was 74.2 years. The latitude of Ulaanbaatar is 47.9 • N and its average elevation is 1350 m. The average day/night temperature in Ulaanbaatar in January is −16/−26 • C, whereas in July, it is +25/+12 • C. Because of that location, producing vitamin D 3 in the skin from solar ultraviolet B (UVB) exposure is impossible for 6 months near the end of the year [1, 2] .
Mongolia is a relatively poor country. The per capita income expressed as purchasing power parity in 2018 was $13,735 (current international $) [3] . Noncommunicable diseases accounted for 43% of deaths and one-third of total health expenditures in 2013, with cardiovascular disease (CVD) costs accounting for 24% of the total [4] . Even though the population has high levels of health coverage (93%), personal health expenses are high and contributed to an 8% increase in the incidence of poverty in 2012 [5] . Thus, an inexpensive approach for reducing the burden of disease in Mongolia would be useful.
The roles of vitamin D in reducing the risk of many diseases and conditions have been the subject of numerous studies in the past two decades. Vitamin D from UVB exposure and oral intake has been found to significantly reduce risk of many types of cancer [6] , acute respiratory tract infections [7] , adverse pregnancy outcomes [8] , all-cause mortality rate [9] , and many more diseases and conditions, and there are many reviews on the non-skeletal effects of vitamin D to which the interested reader is directed [10] [11] [12] .
This paper reviews the evidence regarding the potential role of vitamin D in improving the health status and reducing the disease burden of Mongolians. Those improvements could come about through reductions in the risk of, and hopefully the health costs of, the more common diseases in Mongolia. We also aim to make recommendations on how best to improve the vitamin D status of Mongolians at the population level.
Methods and Materials
This paper is a narrative review, of those papers presenting evidence that vitamin D reduces risk of incidence, progression, or mortality from various health conditions found through searching pubmed.gov and scholar.google.com. Age-standardized mortality rates for selected health outcomes in males and females in Mongolia in 2016 were obtained from the World Health Organization [13] . In addition, information on diet, which also affects health and can be a source of vitamins D 2 and D 3 , was obtained from the Food and Agriculture Organization of the United Nations [14] for 2013 and represents consumer dietary supply. Spoilage and waste were not accounted for, but that factor generally accounts for about 10-40% of the supply, depending on the type of food [15] .
Results
To understand the more common diseases in Mongolia, mortality rate data for Mongolia in 2016 were obtained from the World Health Organization [13] (Table 1 ). On the basis of the difference in life expectancy and all-cause mortality rates for males and females, each 62.6 deaths/100,000/year is equivalent to 1 year of life-expectancy loss [13] . Thus, it should be possible to estimate the reductions in mortality rates and the increases in life expectancy that could be expected through increasing vitamin D status at the population level. Table 1 . Age-standardized mortality rates for selected health outcomes in males and females in Mongolia in 2016 from the World Health Organization [13] .
Outcome
Rate * A study in Mongolia measured serum 25-hydroxyvitamin D (25(OH)D) concentrations in 160 residents in summer 2011 and in winter 2013 [16] , as shown as means in Table 2 . Females had concentrations 3-5 ng/mL lower than those of males in summer ( Figure 2 in [16] ). Vitamin D intake from the Mongolian diet was estimated in that study at 0-40 IU/day in winter and 0-55 IU/day in summer. However, those intake values may be underestimates because they did not include 25(OH)D in animal products, which could double the estimates [17] . Thus, it is not surprising that 40-70% of Mongolian children had signs of rickets in the 1990s [18] . However, in 2010, the estimate of childhood rickets prevalence had dropped to~20.5% [19] . 
Males Females

Cardiovascular Disease
The role of vitamin D in reducing risk of CVD is unresolved. Prospective observational studies show that low 25(OH)D concentrations are associated with greatly increased risk of CVD. A study in Denmark examined the relationship between baseline 25(OH)D concentration and risk of ischemic heart disease (IHD), myocardial infarction (MI), and early death [20] in 10,170 participants (mean age at enrollment~57 years), initiated in 1976-1978 and followed up until 2001-2003. Multivariate rates of IHD, MI, and early death were all significantly higher for people with seasonally adjusted 25(OH)D concentrations <10 ng/mL vs. >30 ng/mL. Further analysis showed these differences were significant for fatal but not for nonfatal IHD or MI for 25(OH)D < 10 ng/mL; that paper included a meta-analysis for IHD based on 19 prospective observational studies, finding 33% (fixed effects) or 39% (random effects-used when heterogeneity exists between studies [21] ) increases in risk for lowest vs. highest quartiles of 25(OH)D concentrations. On the basis of the three studies that accounted for 55% of the size (weight) of the effects of vitamin D status on IHD risk in that meta-analysis, low 25(OH)D was defined as <~16 ng/mL and high as >~30 ng/mL, and similar results were found for early death.
However, a meta-analysis of 21 randomized controlled trials (RCTs) that included 83,291 patients-half of whom received vitamin D supplements-did not show supplementation to reduce the risks of major adverse cardiovascular events, CVD mortality, stroke, or all-cause mortality [22] . VITAL RCT found that supplementing with 2000 IU/day of vitamin D 3 for a median time of 5.3 years had no effect on CVD incidence [23] . The disagreement between observational studies and RCTs regarding CVD outcomes with recent vitamin D status appear to conflict; however, possible explanations for the discrepancy include that few of the RCT participants in that meta-analysis had 25(OH)D concentrations <16 ng/mL and that the supplementation periods were all shorter than the natural history of the progression of atheromatous disease.
Because many Mongolians of all ages have serum 25(OH)D concentrations <10-15 ng/mL in winter and early spring, raising those concentrations through long-term vitamin D supplementation, at least during those seasons, could well reduce the risk of CVD events.
Stroke
In a meta-analysis of 16 prospective observational studies, researchers found that low vs. high 25(OH)D concentration was associated with a 32% increased risk of ischemic stroke (relative risk (RR) = 1.32; 95% confidence interval (CI), 1.19 to 1.48) [24] . A meta-analysis based on three case-control studies of association found the RR = 6.59 (95% CI, 1.17 to 37.02) [24] . In a case-control study from Brazil, the fully adjusted odds ratio (OR) for ischemic stroke for 25(OH)D <20 ng/mL vs. >30 ng/mL was 17 (95% CI, 6 to 32) [25] . However, stroke patients in that study had twice the rate of diabetes mellitus (DM) of control subjects, five time the rate of smoking, twice the rate of antihypertensive medication usage, and 25% lower 25(OH)D concentrations, suggesting that at least some of those risk factors (e.g., obesity [26] , air pollution, and smoking [27] ) had probably contributed to the low 25(OH)D concentrations. Vitamin D status does not seem to affect risk of hemorrhagic stroke. A prolonged observational study in Hawaii reported a significant reduction in risk of ischemic but not hemorrhagic stroke with higher vitamin D intakes [28] . Unfortunately, hemorrhagic stroke death rates in Mongolia are 12 times those of ischemic stroke, so increasing 25(OH)D concentrations will not significantly lower Mongolian stroke rates. Another review shows the reducing order of importance of risk factors for stroke for males in Mongolia is smoking, hypertension, insufficient physical activity, obesity, DM, and hypercholesterolemia; and for females is hypertension, insufficient physical activity, obesity, DM, hypercholesterolemia, and smoking [29] . Since smoking rates in Mongolia for 2015 were 40% for males and 4% for females [30] , this difference helps explain the much higher stroke rates and probably the higher mortality rates for males than females.
Type 2 Diabetes Mellitus
Mounting evidence from observational studies and clinical trials indicates that vitamin D reduces the risk of type 2 DM (T2DM). One prospective study reported inverse associations between baseline serum 25(OH)D and future glycemia and insulin resistance after 10 years [31] . A meta-analysis of nine observational studies that included 28,258 participants with a mean age of 68 years, followed up for a median time of 7.7 years, reported an RR of 1.31 (95% CI, 1.11 to 1.54) for developing T2DM for low vs. high 25(OH)D concentrations [32] that remained significant after adjustment for potential confounding factors (RR = 1.17 (95% CI, 1.03 to 1.33; p = 0.02)). Another meta-analysis of 71 studies reported a significant inverse relationship of vitamin D status with measures of glycemia in both diabetic (r = −0.22 (95% CI, −0.18 to −0.26; p = 0.000)) and nondiabetic (r = −0.07 (95% CI, −0.05 to −0.09; p = 0.000)) subjects [33] .
Two recent RCTs reported a reduced risk of progressing from prediabetes to T2DM with supplementation; the first, in Iran, involved 162 participants aged 18-80 years with mean 25(OH)D concentration of~12.5 ng/mL, fasting insulin of~15 µU/mL, and a homeostatic model assessment of insulin resistance score raised at~3-4 [34] and either impaired fasting glucose (IFG), impaired glucose tolerance (IGT), or both. The intervention group was given weekly "pearls" of 50,000 IU of vitamin D 3 for 3 months, followed by 50,000 IU/month for another 3 months. The control group received placebo. The mean serum 25(OH)D concentration in the treatment group rose to 41 ng/mL after 3 months, declining to 36 ng/mL after 6 months, by which time seven in the control group had progressed from IFG to IGT vs. none in the treatment group, whereas four in the control group had progressed from IFT ± IFG to T2DM vs. one in the treatment group. Thus, 11 in the control group had progressed vs. one in the treatment group (p = 0.002). The second recent RCT studied 2423 prediabetic participants with a mean 25(OH)D concentration of~28 ± 10 ng/mL [35] , a mean age of 60.0 years, a mean body mass index (BMI) of 32.1 kg/m 2 of body surface area, and a mean glycated hemoglobin level of 5.9% (48 mmol/mole). A total of 84.2% of the participants met the glycemic criteria for prediabetes for both fasting plasma glucose and glycated hemoglobin, and about one-third of subjects met all three glycemic criteria. The treatment group was given 4000 IU/day of vitamin D 3 , vs. placebo in the controls. By the end of the trial, diabetes had developed in 616 patients (293 in the treatment group vs. 323 in the control group). Although the risk of progression to T2DM for vitamin-D-supplemented subjects compared with that of subjects on placebo was not significantly reduced overall (hazard ratio (HR) = 0.88 (95% CI, 0.75 to 1.04; p = 0.12)), it was reduced (as reported in Table 2 ), significant, or suggestive for several prespecified subgroups. Namely, for those with BMI < 30 the HR was 0.71 (95% CI, 0.53 to 0.95); for non-Hispanics, HR = 0.86 (95% CI, 0.72 to 1.02); for males, HR = 0.82 (95% CI, 0.68 to 1.01); for a median age of >60.9 years, HR = 0.80 (95% CI, 0.64 to 1.01).
A further report of a vitamin D RCT involving prediabetics and recently diagnosed T2DM patients randomized to receive 5000 IU/day of vitamin D 3 or placebo showed that at 6 months, mean 25(OH)D had reached 51 ± 10 ng/mL and 21 ± 7 ng/mL in the treatment and placebo groups, respectively (p < 0.001) with an improved M value, an index of peripheral insulin sensitivity after supplementation (mean change [95% CI]: 0.92 [0.24 to 1.59] vs. −0.03 [−0.73 to 0.67]; p = 0.009), and a greater glucose disposition index (mean change [95% CI]: 270 [−340 to 880] vs. −60 [−700 to 590]; p = 0.04) after 6 months supplementation, but no other changes in outcome [36] .
Thus, long-term improvement in the vitamin D repletion of healthy adults and those with early features of prediabetes (with intakes of~4000 IU/day of vitamin D 3/day ) would be very likely to reduce the risk of T2DM development in Mongolia.
Hypertension
Hypertension is a growing concern in Ulaanbaatar, possibly due to the high ambient air concentrations of particulate matter with a diameter <2.5 µm (PM 2.5 ) [37] with health effects similar to those of smoking-an important risk factor for ischemic stroke [38] . Hypertension is also an important risk factor for stroke, especially ischemic stroke in Mongolia [29] as well as for progressive atherosclerosis (with vascular calcification) in Mongolian women [39] . However, screening for hypertension is not widely available, and thus any reductions in hypertension from the long-term prevention of vitamin D deficiency (which suppresses renin production [40, 41] ) as has so far only been reported in young men [42] , perhaps because progression of atheromatous disease becomes increasingly irreversible, would be useful [43] .
According to meta-analyses of RCT data, vitamin D supplementation has modest effects on blood pressure in general, with the largest effects in people with hypertension (decrease of 6.6 mmHg [95% CI, −8.7 to −4.4] for systolic blood pressure and a decrease of 3.1 mmHg [95% CI, −4.7 to −1.5] for diastolic blood pressure) [44] , which might be larger with higher dosages. An open-label study conducted in Canada where people were given vitamin D 3 capsules and counseled to take a daily amount of vitamin D 3 between 1000 and 20,000 IU/day to achieve 25(OH)D concentrations of >40 ng/mL included a nested case-control group of hypertensive participants aged 56 ± 15 years with a mean baseline 25(OH)D concentration of 35 ng/mL who increased their mean 25(OH)D concentrations to a mean of 45 ng/mL after 1 year and those participants had significant reductions in systolic blood pressure of −16 ± 20 mmHg and in diastolic blood pressure of −12 ± 12 mmHg [45] , with no difference in the size of these effects between those taking or not taking hypotensive medication. Achieving vitamin D repletion could prove useful in reducing hypertensive health problems, since hypertension is a world-wide public health problem that is currently the leading risk factor in the global burden of disease. It is the major modifiable risk factor for heart disease, stroke, and kidney failure. Additionally, chronic kidney disease (CKD) is both a common cause of hypertension and can also be a result of uncontrolled hypertension. The combination of hypertension and CKD greatly increases the risk of adverse cardiovascular and cerebrovascular outcomes [46] .
Chronic Kidney Diseases
One function of the kidney is to convert 25(OH)D to 1,25-dihydroxivitamin D (1,25(OH) 2 D). Thus, when kidney function is impaired as in CKD, serum 1,25(OH) 2 D concentrations decline, leading to greater withdrawal of calcium from bones to maintain normal serum calcium concentrations and thereby lowering bone mineral density [47] . Thus, itamin D deficiency in CKD leads to renal osteodystrophy with deterioration of bone quality. The risks of non-skeletal disorders such as metabolic syndrome, hypertension, immune dysfunction, hyperlipidemia, diabetes, and anemia also increase, likely because non-bony tissues activate vitamin D to form calcitriol and express the vitamin D receptor, allowing vitamin D to have many biological roles other than those relevant to bone health [48] .
Pharmacological treatment with 1,25(OH) 2 D or its analogs with the aim of protecting bone from renal osteodystrophy often causes hypercalcemia and hyperphosphatemia without major benefits to bone health, and can increase vascular calcification [49] . Conversely, intact vitamin D 3 supplementation reduces those risks and is thought to have a role in managing bone and cardiorenal health and to reduce the abnormally increased mortality of patients with chronic renal disease [49] . Thus, a combination of intact vitamin D and hormonally activated vitamin D or its analogs is thought to be the most beneficial for use in renal failure, not least because local 1α-hydroxylase activity allows vitamin D activation in relevant tissues, including the parathyroid glands [49] . This increases serum calcitriol concentrations and reduces the risks of secondary complications such as hypertension, muscle weakness, falls, and increased cardiovascular risks and mortality rates [47] . Clinical trials of vitamin D in CKD more often use analogs of 1,25(OH) 2 D than intact vitamin D 3 , but whether they reduce mortality rates in CKD is not apparent [50] .
A prospective 3-year study of 470 unsupplemented non-dialysis patients in Spain with stage 3-5 CKD reported that those with baseline 25(OH)D values between 20 and 30 ng/mL had better survival, lower hospitalization, and better composite renal endpoints than those with lower or higher baseline concentrations [51] , but found no additional benefits from raising serum 25(OH)D concentration to >30 ng/mL.
Chronic Obstructive Pulmonary Disease
Chronic obstructive pulmonary disease (COPD) is an umbrella term describing progressive lung disease previously called emphysema, chronic bronchitis, or refractory (nonreversible) asthma, and is characterized by increasing breathlessness. (see the website: https://www.copdfoundation.org/).
A meta-analysis of data from 21 studies covering 4818 patients and 7175 control subjects reported lower serum 25(OH)D concentrations in COPD patients than in controls (standardized mean difference (SMD), −0.69 (95% CI, −1.00 to −0.38; p < 0.001)), which was most marked in severe COPD (SMD, −0.87 (95% CI, −1.51 to −0.22; p = 0.001)) and in COPD exacerbations (SMD, −0.43 (95% CI, −0.70 to −0.15; p = 0.002)), that is, vitamin D deficiency was associated with increased risk of COPD (OR = 1.77 (95% CI, 1.18 to 2.64; p = 0.006)), with COPD severity (OR = 2.83 (95% CI, 2.00 to 4.00; p < 0.001)) but not with COPD exacerbations (OR = 1.17 (95% CI, 0.86 to 1.59; p = 0.33)), though the heterogeneity of the 25(OH)D assays used affected the associations between vitamin D deficiency and COPD risk [52] .
A more recent meta-analysis of four RCTs using individual participant data reported that supplementation with 1200-4000 IU/day of vitamin D 3 reduced moderate and severe exacerbation rates in COPD in patients with baseline serum 25(OH)D concentrations <10 ng/mL (adjusted incidence rate ratio = 0.55 [95% CI, 0.26 to 0.84]) but not in subjects with higher baseline concentrations [53] .
The benefits of vitamin D relevant to COPD risk and severity include increases in the production of the antimicrobial peptide cathelicidin (LL-37) and downregulation of proinflammatory cytokines and effects on airway remodeling, together with inhibition of the production of several proinflammatory cytokines and suppression of the T-cell helper Th1 and Th17 responses thought to aggravate the pathogenesis of COPD. Because vitamin D insufficiency also increases the risks of chronic respiratory infections and acute or chronic airway colonization, maintaining vitamin D status (i.e., circulating 25(OH)D concentrations) within an optimal range in patients with COPD should reduce bacterial loading and hence reduce infective exacerbations. Vitamin D repletion is also protective against other disorders commonly seen in COPD, such as osteoporosis, muscle weakness, and cardiovascular disorders [54] .
A recent mechanistic study in mice suggested that activated vitamin D reduced lung damage induced by particulate air pollution and promoted pulmonary tissue repair by downregulating the transforming growth factor β1 signaling pathway and modulating local MMP9 expression, facilitating tissue remodeling. Vitamin D repletion also regulated autophagy signaling through Nrf2 transcription factor upregulation, promoting further protection through increases in Nrf2 molecule stability [55] .
Acute Respiratory Tract Infections
Acute respiratory tract infections (ARTIs) occur more often in winter, prompting the hypothesis that solar UVB exposure and increased vitamin D production reduce influenza risks [56] . Vitamin D RCTs have supported that hypothesis [57, 58] . RCT conducted in Mongolia reported that children with mean baseline 25(OH)D concentrations of 7.5 ng/mL of vitamin D 3 who were given 300 IU/day vitamin D showed a 50% reduction in ARTIs [59] .
A meta-analysis of 25 RCTs involving 10,933 participants and using individual participant data for baseline vitamin D status reported that vitamin D supplementation reduced the overall risk of ARTIs by 12% (adjusted OR = 0.88 [95% CI, 0.81 to 0.96]) [60] overall, but in those receiving daily or weekly vitamin D doses (but not bolus doses) the risk was reduced by 19% (adjusted OR = 0.81 [95% CI, 0.72 to 0.91]), while participants with baseline 25(OH)D concentrations <10 ng/mL had a 70% reduction in risk (adjusted OR = 0.30 [95% CI, 0.17 to 0.53]) compared to the risk seen in those with higher (i.e., >10 ng/mL) baseline concentrations (adjusted OR = 0.75 [95% CI, 0.60 to 0.95]). This ARTI risk reduction reflects the induction of increased secretion of the bactericidal/viricidal compound cathelicidin (LL-37) and of the defensins in humans. An analysis of data on the 1918 pandemic influenza outbreak in the USA showed that communities with exposure to higher annual solar UVB dosages had lower case-fatality rates than those exposed to lower UVB doses [61] . Because the primary cause of death in that pandemic was from secondary infections causing pneumonia, it was hypothesized that both the antimicrobial properties of the increased secretion of LL-37 and the reduction of the cytokine storm seen in severe influenza protected the alveolar lining from the severity of lung damage that would otherwise have allowed secondary bacterial infection to develop into pneumonia.
Tuberculosis
Growing evidence suggests that vitamin D status affects the risk and progression of tuberculosis (TB) [62] . However, an RCT in Mongolia reported that high-dose vitamin D supplementation did not affect "time to sputum culture conversion" for TB patients [63] , and a cross-sectional study of Mongolian schoolchildren found no effect of vitamin D status on the risk of TB [64] , despite suggestions from studies in white patients that supplementation may reduce TB sputum conversion time in those on anti-TB drugs. Table 3 presents the incidence rates for the more common types of cancer in Mongolia for 2008-2012. A large body of peer-reviewed literature on ecological studies reports that greater solar UVB exposure and higher vitamin D intakes/status are associated with reduced risks of cancer incidence and mortality rates [6] . Geographic ecological studies in several midlatitude countries have also reported strong inverse correlations between solar UVB doses and incidence and/or mortality rates for up to 20 cancers [6] . The only mechanism with strong support linking UVB exposure with reduced cancer risk is the rate of UV-induced vitamin D production. Vitamin D reduces cancer risks and cancer mortality through known effects on cells, angiogenesis adjacent to tumor tissue, and on metastasis [6, 66] . Prospective studies have found that serum 25(OH)D concentrations are inversely correlated with the specific incidence rates for breast [67, 68] and colorectal cancer [69] . For breast cancer, 25(OH)D >60 ng/mL vs. <20 ng/mL was associated with a reduction of 80% (HR = 0.20 (95% CI, 0.05 to 0.82; p = 0.03)) [68] . For each 10 ng/mL increment in circulating 25(OH)D, colorectal cancer risk was 19% lower in women (RR = 0.81 [95% CI, 0.75 to 0.87]) and 7% lower in men (RR = 0.93 [95% CI, 0.86 to 1.00]) [69] . A recent meta-analysis of 10 RCTs involving 45, 197 participants reported that vitamin D 3 supplementation with variable doses and trial durations led to a 15% reduction in cancer mortality rates (risk ratio = 0.85 [95% CI, 0.75 to 0.96]) [70] .
Cancer
Esophageal and gastric cancer mortality rates are high in Mongolia. Ecological studies in six midlatitude countries (Australia, China, Japan, Nordic countries, Spain, and the USA) report inverse correlations between solar UVB doses and incidence and/or mortality rates for both esophageal and gastric cancer, as did a recent ecological study in the UK [71] . However, in Australia, the reduced risk of esophageal cancer with lifetime ambient UV radiation was limited to esophageal and esophagogastric junction adenocarcinomas, with no reduction for esophageal squamous cell carcinoma [72] . A further review in 2017 reported accumulating evidence from gastric cancer cells, animal models, and clinical trials to suggest that vitamin D deficiency may increase the risk and mortality of gastric cancer, implying that vitamin D supplementation might be a safe and economical way to reduce gastric cancer risks both prospectively and during treatment [73] . Supporting evidence that vitamin D has the potential to reduce the risk of gastric cancer is provided by studies reporting that vitamin D repletion can eradicate Helicobacter pylori infection, itself an important risk factor for gastric cancer [74, 75] .
Good evidence indicates that greater UVB exposure and better vitamin D status reduce primary liver cancer (hepatocellular carcinoma) risks. A nested case-control study from Europe involving 520,000 participants, 138 of whom developed primary liver cancer, reported that higher 25(OH)D concentrations were associated with a 49% (p = 0.04) reduction in hepatoma risk [76] . A study from a cohort of male smokers in Finland reported that baseline 25(OH)D concentration <10 ng/mL vs. >20 ng/mL was associated with a 90% increased risk of hepatoma during a 25-year follow-up [77] . Another large nested case-control study in Japan reported a significant inverse trend between serum 25(OH)D concentration and the incidence of hepatoma (p trend = 0.006) [78] .
Two recent pooled observational studies strongly support a role of vitamin D in reducing cancer risk. The pooling was comprised of participants in two different vitamin D RCTs with those in the GrassrootsHealth.net cohort of people voluntarily taking vitamin D supplements and having serum 25(OH)D concentrations measured by blood spit tests every 6 months by mail. In the first paper, women achieving a serum 25(OH)D concentration >40 ng/mL had a 65% lower all-cancer incidence rate than that of women achieving values <20 ng/mL after a median follow-up of 3.9 years [79] . In the second study, women achieving >60 ng/mL (p = 0.02) over a median follow-up period of 4.0 years had an 84% lower rate of incident breast cancer than did those achieving concentrations <20 ng/mL [68] .
The results of VITAL, a large vitamin D RCT over a median time of 5.3 years, were released recently [23] . Although all-cancer incidence was not significantly reduced for the 12,500 people treated with 2000 IU/day of vitamin D 3 , the reduction was significant for those with a BMI < 25 (HR = 0.76 [95% CI, 0.63 to 0.90]) and for black subjects (HR = 0.77 [95% CI, 0.59 to 1.01]). Furthermore, cancer mortality rates were significantly lower by~25% in the supplemented group when data for the first 2 years of the trial were omitted. A recent letter to the editor has pointed out that such secondary analyses should be considered to be useful for well-defined subgroups in large-scale vitamin D RCTs [80] .
Cirrhosis of the Liver
The seroprevalence of hepatitis B virus (HBV) and HCV in the general population in Mongolia is high (11.8% and 15%, respectively [81] ). Modest evidence also exists to indicate that vitamin D supplementation in combination with Peg-interferon α injection and oral ribavirin improves sustained virus clearance for HCV genotype 1 but not genotypes 2-4 [82, 83] . A study in Spain involving mostly HCV genotype 1 patients reported a higher rate of rapid viral response (23.5% vs. 16.1%; p = 0.005) and in the reduction of viral load to ≤15 (51.0% vs. 38.6%; p ≤ 0.001) for patients starting treatment with peginterferon-ribavirin in the sunnier half of the year than in the darker half of the year [84] , suggesting that maintaining vitamin D repletion could prove to be a useful adjunctive measure in treating HCV.
A meta-analysis of eight studies published between March 2013 and January 2019 involved 1339 patients with liver cirrhosis and mean 25(OH)D concentrations between 7 and 15 ng/mL. Having a 25(OH)D concentration <10 ng/mL was associated with an increased risk of mortality in patients with liver cirrhosis (risk ratio (RR) = 1.79 (95% CI, 1.44 to 2.22; p < 0.01)) [85] and adjustment for publication bias reduced the RR, though it remained significant at 1.62 (95% CI, 1.32 to 1.99; p < 0.01).
Alzheimer's Disease
The primary modifiable risk factor for Alzheimer's disease (AD) appears to be diet. A typical study reported that for reduced risk of AD, "the identified nutrient combination was associated with higher intake of vegetables, fruit, whole grains, fish and legumes, and lower intake of high-fat dairies, meat and sweets" [86] . An ecological study reported that countries with the highest meat consumption (Brazil, Mongolia, and the U.S.) had the highest rates of AD [87] (the data for Mongolian AD rates used came from people living in Inner Mongolia [88] ). However, increased vitamin D intakes/status appears to reduce the risk of AD [89] . Mutton appears to be the preferred meat in Mongolia. Unfortunately, although some meats supply reasonable amounts of vitamin D, both as intact vitamin D 3 and as 25(OH)D, mutton does not [90] , probably because sheep have thick wool coats that greatly reduce the amount of UVB reaching their skin.
Another plausible reason for high AD rates in Ulaanbaatar is the high air pollution rates. A study in Mexico City, at a similar elevation (2300 m vs. 1350 m for Ulaanbaatar) reported that for healthy, normal-weight 11 ± 3 year-olds, exposure to PM 2.5 concentrations near 20 µg/m 3 , together with elevated ozone levels, are "associated with 12 h fasting hyperleptinemia, altered appetite-regulating peptides, vitamin D deficiency, and increases in ET-1 in clinically healthy children. These changes could signal the future trajectory of urban children towards the development of insulin resistance, obesity, type II diabetes, premature cardiovascular disease, addiction-like behavior, cognitive impairment and Alzheimer's disease" [91] .
The Study of Underlying Genetic Determinants of serum 25(OH)D values and Highly Related Traits (SUNLIGHT) Consortium identified four single-nucleotide polymorphisms (SNPs) significant for serum 25(OH)D, accounting for 2.44% of the variance in 25(OH)D in the Canadian Osteoporosis Study and mapping to genes in the vitamin D metabolic pathway, while Mendelian randomization analyses have suggested that a 1-standard-deviation reduction in natural log-transformed 25(OH)D levels increased AD risk by 25% (OR = 1.25 (95% CI, 1.03 to 1.51; p = 0.02)) [92] .
A prospective study involving 916 participants from the Three-City Bordeaux, France cohort (aged 65+ years, nondemented at baseline) reported a relationship of baseline vitamin D status with cognitive decline and the incidence of AD. In multivariate analysis, participants with 25(OH)D deficiency (n = 218) exhibited faster cognitive decline than individuals with 25(OH)D sufficiency over 12 years of follow-up. A total of 177 incident cases of dementia developed (124 diagnosed as AD), and 25(OH)D deficiency was associated with a marked increase in risk of AD (HR = 2.85 [95% CI, 1.37 to 5.97]) [89] .
A recent review reported that observational studies have suggested vitamin D deficiency as a risk factor for AD, Parkinson's disease, vascular dementia, and multiple sclerosis (and other neurological disorders), through variations in vitamin D axis genes and in the actions of vitamin D, whereas ex-vivo studies show that vitamin D activity can both reduce intracerebral amyloid production and increase its clearance from brain tissue in AD. In addition, recent vitamin D intervention studies have reported significant improvement in cognitive performance in subjects with mild cognitive impairment, senile dementia, and AD [93] .
Adverse Pregnancy and Birth Outcomes
Several reports of adverse pregnancy and birth outcomes in Mongolia appear in the literature. The classic outcome of vitamin D deficiency during pregnancy and early life is the development of rickets. A study by the Nutrition Research Center, Public Health Institute, Ministry of Health, Mongolia (a survey of 400 households in Mongolia in 2010 involving 524 children aged 2 to 60 months) found that approximately 10-15% had classic signs and symptoms of rickets [19] and that 57% of the children with 25(OH)D concentration <10 ng/mL had one to eight classic signs of rickets. Additionally, at the time of the survey, 52% of women of reproductive age had a serum 25(OH)D concentration <10 ng/mL; none of the women were taking vitamin D supplements. Another indication of vitamin D deficiency among pregnant women in Mongolia comes from a study of the monthly rates of spontaneous abortions [94] , which were higher from December to February (60 to 70 per month) than from May to July (25 per month). The authors also found significant correlations of spontaneous abortion rates with air pollution levels of SO 2 , NO 2 , CO, PM 10 , or PM 2.5 . Another recent paper reported that black carbon particles from air pollution can reach the placenta and could cause damage to the developing fetus [95] . One of the direct effects of such pollution is increased inflammation, which vitamin D can reduce [96] . A study in China compared serum 25(OH)D and CYP27B1 concentrations between women with successful pregnancies and women with pregnancy loss and found both inversely correlated with pregnancy loss [97] (CYP27B1 is the enzyme catalyzing further 1-α-hydroxylation of 25(OH)D to form active hormonal 1,25(OH) 2 D). The physiology, pathophysiology, and clinical outcomes related to certain vitamin D axis variations during pregnancy were reviewed recently [98] . In the comparison between women with normal pregnancies and those with pregnancy loss at 7-9 weeks of gestation, 25(OH)D concentrations were 49 and 34 ng/mL and serum CYP27B1 concentrations were 82 and 38 pg/mL, respectively. In comparison with nonpregnant childbearing women, serum 25(OH)D concentrations were 40 and 12 ng/mL and CYP27B1 concentrations were 39 and 12 pg/mL, respectively. The difference in outcomes between the two groups of pregnant women can be explained by the difference in vitamin D status [99, 100] . Thus, the finding in Mongolia is much more likely to be related to 25(OH)D concentrations than to air pollution levels.
Pregnant women in Mongolia were found to have preeclampsia rates of about 4% (4.4% in Ulaanbaatar and 3.5% in rural regions) [101] -an important risk factor for preterm birth and low birth weight [102] . A meta-analysis involving 21 studies reported that low vs. high maternal 25(OH)D concentration was associated with an OR of 1.62 (95% CI, 1.36 to 1.94) for preeclampsia [75] , the OR for the Asian sub-population being 2.07 (95% CI, 1.51 to 2.85). In addition, serum 25(OH)D concentrations in the second and third trimesters of pregnancy were more important risk predictors for preeclampsia than those in the first trimester (OR for second/third trimester = 1.93 [95% CI, 1.43 to 2.60]).
In the period 2010-2011, the rate of preterm birth in Mongolia was found to be 4.6%, excluding stillbirths (4.9% when stillbirths were included) [103] . Higher 25(OH)D concentrations can greatly reduce the risk of preterm birth. In an open-label study conducted in South Carolina in which pregnant women of black, white, Hispanic, and Asian ethnicity were enrolled at their first prenatal visit [104] , serum 25(OH)D concentration was measured, the women were given a bottle of 5000-IU vitamin D 3 capsules, and the women were counseled on a supplementation schedule for achieving values >40 ng/mL. Twenty-five women who achieved concentrations of >40 ng/mL had a 60% lower (adjusted OR = 0.41 [95% CI, 0.24 to 0.72]) risk of preterm delivery than that of the 49 women who achieved only <20 ng/mL, with no adverse effects from the 5000 IU/day of vitamin D 3 given.
Vitamin D status has also been found to affect the risk of gestational diabetes (GD). A multiracial longitudinal observational study in the USA reported a serum 25(OH)D concentration <20 ng/mL as the threshold for GD risk, and that lower concentrations in both the first and third trimesters of pregnancy were significantly associated with increased GD risk [105] . A study in Iran reported that women with GD who took a combination of magnesium, zinc, calcium, and vitamin D (at 100 mg, 4 mg, 400 mg, and 200 IU/day, respectively) had significant reductions in serum high-sensitivity C-reactive protein and plasma malondialdehyde, and significant increases in total antioxidant capacity levels in comparison with placebo [106] .
A vitamin D supplementation study of pregnant women conducted in Selenge Aimag province in northern Mongolia [107] enrolled groups of~120 women at 12-16 weeks of pregnancy and assigned to take 600, 2000, or 4000 IU/day vitamin D 3 , with no reported adverse effects. Mean baseline 25(OH)D concentration was~8 ng/mL and mean BMI was~26. Mean serum 25(OH)D concentrations at 36 to 40 weeks of pregnancy were 15, 23, and 27 ng/mL for the groups taking 600, 2000, or 4000 IU/day vitamin D 3 , respectively, suggesting that pregnant women in Mongolia would need to take more than 4000 IU/day vitamin D 3 in order to achieve the serum 25(OH)D values of at least 40 ng/mL 25(OH)D that had been found necessary for significantly reducing the risk of preterm delivery [104] .
Oral Health
The most important ways to reduce the risk of dental caries are adequate tooth brushing and avoidance of sugar-laden foods and beverages, though this is never easy. Higher vitamin D is associated with reduced risk of dental caries, as has been known since 1928 when May Mellanby confirmed the causality of that finding in an RCT in boys [108] . The history of the study of UVB exposure in reducing the risk of dental caries and tooth loss was reviewed in 2011 [109] . Ecological studies reported that people living in areas with higher vs. lower solar UVB doses in the U.S. had fewer dental caries. The role of human cathelicidin (LL-37-a polypeptide with antimicrobial and antiendotoxin activities) in reducing the risk of dental caries was known in 2004 [110] , but the role of vitamin D in inducing the production of LL-37 was only identified in 2006 [111] . A 2012 paper reviewed the vitamin D clinical trials conducted in the 1930s and 1940s and found that modest doses of vitamin D halved the incidence of dental caries [112] . A study in Sweden reported that in healthy children at 8 years of age, serum 25(OH)D concentration was inversely correlated with numbers of dental caries, with 20 ng/mL being the approximate threshold for benefit [113] .
Modest evidence also indicates that vitamin D reduces periodontal disease risks [114, 115] . One review concluded that "vitamin D plays a significant role in maintaining healthy periodontal and jawbone tissues, alleviating inflammation processes, stimulating post-operative healing of periodontal issues and the recovery of clinical parameters" [116] . Reduced risks of severe periodontitis were seen with intakes within recommendations for calcium (OR = 0.76 [95% CI, 0.58 to 0.99]), whey ≥ 9.6 g/day (OR = 0.75 [95% CI, 0.58 to 0.97]), and casein ≥32 g/day (OR = 0.75 [95% CI, 0.58 to 0.97]) after adjustment for age, sex, education, smoking, sucrose intake, alcohol consumption, number of teeth, daily brushing, regular visits to the dentist, and chronic illness, regardless of levels of vitamin D intake; and vitamin D intakes were not associated independently with severity of periodontitis [117] .
All-Cause Mortality Rate
Because vitamin D affects the risk of many diseases, one might reasonably expect that higher 25(OH)D concentrations would be associated with reductions in later mortality rates; this is indeed the case. A meta-analysis of 32 observational studies reported a linear decrease in the 7-year mortality rate of approximately 50% ± 15% as baseline serum 25(OH)D concentrations increased from <10 ng/mL to 30-39 ng/mL [9] . No further change was evident at concentrations above 36 ng/mL. A Mendelian randomization study reported that variations of SNPs that reduce serum 25(OH)D concentration accounted for a 20% increase in all-cause mortality rate per each 8 ng/mL decrease in serum 25(OH)D [118] . A prospective study of Chinese adults aged >80 years (median age, 93 years) with mean baseline 25(OH)D of 14 ng/mL followed up for 5466 person-years reported that participants with the highest 25(OH)D concentrations had a 39% reduced mortality rate [119] . In support of those data, a 20-year follow-up study in Sweden reported that sun avoidance was associated with a reduced life expectancy of 0.6 to 2.1 years compared with the highest sun exposure [120] .
Estimated changes in mortality rates can therefore be calculated for increasing mean 25(OH)D concentrations up to 40 ng/mL from an assumed annual mean 25(OH)D concentration of 15 ng/mL at present (Table 4 ). The percentage-point reduction is assumed to be about half of what has been reported in observational studies, and near to the reduction reported in meta-analyses. The reductions in estimated mortality rates were rounded to the nearest 5 deaths/100,000/year if the value was >10 deaths/100,000/year, and were found to be between 125 and 250 deaths/100,000/year for males and between 76 and 140 deaths/100,000/year for females. On the basis of data for death rates from a dozen countries from the World Health Organization for 2015 [13] and the reported life expectancies for those countries in 2015, 1 year of life expectancy change would be expected for each 78 deaths/100,000/year for males and for each 59 deaths/100,000/year for females. This finding implies that raising the current mean 25(OH)D concentrations in Mongolia to 40 ng/mL could increase life expectancy by 1.6 ± 0.8 to 3.2 ± 1.6 years for males and to 1.3 ± 0.7 to 2.4 ± 1.2 years for females. Those increases are similar to those estimated previously for the world's major continents [121] and for Canada [122] . Several umbrella reviews of findings from observational studies exist regarding the risk of adverse health outcomes as a function of serum 25(OH)D concentration [123, 124] , and Table 5 summarizes estimates of 25(OH)D concentrations found to be associated with optimal reduction of various adverse health outcomes, as reported in the literature. Because vitamin D works through different mechanisms for different diseases-generally through affecting gene expression [125] but often through rapid nongenomic increases in intracellular calcium concentrations [126] -it is not surprising that the estimated optimal concentrations vary for different outcomes. 
Air Pollution
Air pollution levels are high in Ulaanbaatar, especially in winter, and monthly mean PM 2.5 concentrations reached values of 115 to 150 µg/m 3 from November 2009 to February 2010, with average annual concentrations ranging from 57 to 96 µg/m 3 depending on location [131] . Pope and colleagues compared PM 2.5 concentrations and the numbers of cigarettes smoked per day in terms of risk for lung cancer and cardiovascular disease, cardiopulmonary disease, and IHD [132] , concluding that each increase in PM 2.5 concentration of 240 µg/m 3 was equivalent to smoking 18-22 cigarettes/day. On the basis of mortality rate data from other studies, those authors estimated that pollution could account for~40% of lung cancer deaths and~29% of cardiopulmonary deaths [131] . A more recent paper estimated annual average PM 2.5 concentrations in Ulaanbaatar to be 59 µg/m 3 [133] , and air pollution was calculated using an integrated exposure-response relationship [134] "to be responsible for 33% (lower: 23%, upper: 42%) of all acute lower respiratory tract infection (ALRI) deaths in children, 19% (lower: 9%, upper: 28%) of all chronic obstructive pulmonary disease (COPD) deaths, 27% (lower: 19%, upper: 42%) of all IHD deaths, 24% (lower: 8%, upper: 34%) of all lung cancer deaths, and 42% (lower: 14%, upper: 54%) of all stroke deaths, for a total of 1400 attributable deaths (lower: 710, upper: 1900) and 40,000 attributable disability-adjusted life years (DALYs) (lower: 22,000, upper: 55,000)" [133] .
Little information is available in the literature regarding vitamin D's role in protecting the body from the adverse effects of air pollution. However, a considerable body of literature exists on the adverse effects of smoking [135] and on vitamin D's role in reducing the risk of adverse health effects from smoking such as inflammation [136] and GD in pregnant women [137] .
Discussion
Although RCTs and meta-analyses of observational studies are generally considered the best evidence to use in health studies, vitamin D RCTs and observational studies related to serum 25(OH)D concentrations have some fundamental problems: vitamin D RCTs are commonly based on vitamin D dose, independent of baseline or achieved 25(OH)D concentrations, whereas health outcomes are related to serum 25(OH)D concentrations and not to vitamin D dose. Furthermore, vitamin D doses have often been too low to improve vitamin D status enough to induce biological effects, or baseline 25(OH)D concentrations have been too high for any health benefits to be expected from supplementation [138, 139] . Thus, vitamin D RCTs should be based on 25(OH)D concentrations, both baseline and achieved [139] . As for prospective observational studies based on 25(OH)D concentrations, the longer the follow-up time, the lower the predictive value of baseline 25(OH)D appears to be [140, 141] . In view of those problems, the papers we cite tend to be those providing the best data for baseline D status, that is, those that allow assessments of potential benefits of vitamin D supplementation in subjects with vitamin D deficiency and those that may also allow assessing the benefits of achieving higher rather than lower degrees of vitamin D repletion. One limitation of observational studies is the possibility of "reverse causation ", that is, that the disease state has caused the lower 25(OH)D concentrations; such effects would be most likely with deteriorating health confining subjects to spend more time indoors after the initial baseline blood draw for assessing serum 25(OH)D concentration. This is likely in serious, debilitating, and terminal illness, but is otherwise unlikely, and though this concern is often raised, it is seldom verified.
Diet
Diet is one of the main determinants of health. Dietary supply data for Mongolia were obtained from the Food and Agriculture Organization for 2013 [14] and are summarized in Table 6 . Generally, about 70% of the supply is said to be consumed. Grains provide the highest caloric intake, followed by meat, milk, sugar/sweeteners, and potatoes/other roots. Meat, animal fat, fish, and eggs are important sources of vitamin D, both as vitamin D and as 25(OH)D [142, 143] . However, as already mentioned, mutton is not as good a source as beef or pork. Overall, therefore, Mongolians obtain little vitamin D from food. 
Recommendations
On the basis of the foregoing information, one can predict that the health and well-being of many Mongolians would be significantly improved if population-level serum 25(OH)D concentrations were increased, especially in non-summer months. Vitamin D fortification of basic foods such as flour and edible oils could contribute to such a program, as discussed below. However, to achieve 25(OH)D concentrations of 30-40 ng/mL in adults, vitamin D intakes of 1000 to 4000 IU/day would be required, making personal supplement use necessary, at least in the winter months [144, 145] . People who are overweight or obese require more vitamin D than others due to storage of intact vitamin D in adipose tissue [146] and volumetric dilution [147] . Both the United States Institute of Medicine [148] and the Endocrine Society [149] have stated that 4000 IU/day vitamin D is safe. Few adverse effects are likely from taking such higher doses because they are below the 10,000 to 20,000 IU/day that can be made in skin from solar UVB exposure [150] . In addition, concern about 25(OH)D concentrations over 60-80 ng/mL seems to be based on observational studies in which some participants had only recently begun supplementing with vitamin D and were therefore placed in the wrong 25(OH)D quartile [151] .
A recent review outlined the rationale and provided a plan for achieving adequate vitamin D food fortification. It recommended aiming for intakes of 10 to 20 µg (400-800 IU) for the population to achieve serum 25(OH)D concentrations of at least 20 ng/mL in European populations [152] . Among the evidence presented was that Finland introduced food fortification in fluid milk and fat spreads in 2003 and that doubling the amounts added in 2010 virtually abolished vitamin D deficiency. As a result of that voluntary measure by manufacturers, plus a trend for increased vitamin D self-supplementation, mean serum 25(OH)D concentrations rose from 19 ng/mL in 2000 to 26 ng/mL in 2011 [153] , with a rise in the prevalence of vitamin D supplement users from 11% to 41%. Two recent papers presented guidelines for food fortification and/or targeted vitamin D supplementation policies that can be implemented to reduce the burden of conditions related to vitamin D deficiency in vulnerable populations in lowand middle-income countries [154, 155] . However, a vitamin D dosing study conducted by Robert Heaney found that supplementation at 800 IU/day would raise serum 25(OH)D concentration by only 7 ng/mL in adults [144] , and it would be difficult to fortify food in Mongolia to provide intakes of 800 IU/day and, given the low 25(OH)D concentrations seen in winter, this would not result in most people reaching 20 ng/mL.
During the preparation of this paper, a cost-benefit analysis was published for vitamin D fortification of wheat flour, plus elective vitamin D supplementation for reducing vitamin D deficiency in England and Wales [156] . That analysis recommended fortifying wheat flour at 400 IU of vitamin D 3 per 100 g with an additional role for supplementing with 400 IU/day for the general population and at 800 IU/day for the elderly, on the basis of the recommendations for reducing falls and fragility fractures. In the UK population, 20% of adults and 16% of children aged 11-18 years are estimated to be vitamin D deficient [157] and the analysis indicated that fortifying wheat flour would reduce the prevalence of vitamin D deficiency by 25% and that by adding selective vitamin D supplementation reduction would reach 33%. An analysis published in 2017 modeled the result of fortifying food to the point where everyone would receive an additional 160 IU/day of vitamin D [158] , estimating that for Asian adults in the UK, with current winter and summer 25(OH)D concentrations of 15 and 25 ng/mL, respectively, that measure would increase each of those values by 10 ng/mL.
For a country such as Mongolia, which consumes a large portion of its dietary energy intake from wheat, fortifying flour would make sense. Another recent study reported that fortifying flour, oil, and milk with vitamins A, D, and E at levels suggested by recent international guidelines [159] would be cost-effective, with optimal intakes of vitamin D 3 considered to be about 600 IU/day for males and 400 IU/day for females. A further study from those authors reported that 55% of rural and urban Mongolians favored the mandatory fortification of foods, 14% disapproved of it, and 31% were uncertain [160] . However, when the same people were informed that the primary purpose of adding vitamin D to milk was to prevent childhood rickets, 75% favored mandatory fortification. However, as estimated for the UK [158] , while the postulated intake levels from fortification could overcome deficiency, they could not lead to sufficiency in Mongolians without concomitant supplementation of those at highest risk of deficiency.
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